, and its depletion inhibits the 2Ј-O-methyl groups, and apart from a few differences, accumulation of mature 18S rRNA both in yeast (Hughes the locations of these modifications are highly conand Ares, 1991) and Xenopus (Savino and Gerbi, 1990). served (Maden, 1988 (Maden, , 1990 Figure 3A) . Briefly, the antisense snoRNAs contain one or occasionally two (U14, U24, U45, before the methylation sites and frequently "stuttering" opposite the sugar-methylated nucleotides (Maden et al., 1995). When 25S rRNA from the Ura Ϫ strain was analyzed by primer extension at low dNTP concentrations, strong stops were observed before and opposite to C1436, A1448, and G1449 ( Figure 5B, lanes 6-8) . In contrast, with 25S rRNA of Ura ϩ origin, no blockage of transcription was detected under the same conditions (lanes 9-11) . Methylation of 25S rRNA in the Ura ϩ strain was not affected at other positions tested, such as A2218, A2255, A2279, A2280 ( Figure 5C ) and A648, C649, C662 (a newly mapped methylation), G804, A806, A906, C2196 (data not shown), demonstrating that the observed blockage of rRNA methylation was confined to regions of the 25S rRNA that had the potential to base-pair with antisense elements of U24 snoRNA.
, and its depletion inhibits the 2Ј-O-methyl groups, and apart from a few differences, accumulation of mature 18S rRNA both in yeast (Hughes the locations of these modifications are highly conand Ares, 1991) and Xenopus (Savino and Gerbi, 1990 ). served (Maden, 1988 (Maden, , 1990 . Yeast rRNAs, which contain Similarly, depletion of yeast U14 and Xenopus U22 only about 55 ribose-methylated nucleotides, share sevsnoRNAs impairs the processing of 18S rRNA (Li et al., eral common 2Ј-O-methylation sites with human rRNAs 1990; Tycowski et al., 1994) , while disruption of Xenopus (Maden, 1990) , indicating that these modifications may U8 snoRNA inhibits the processing of 5.8S and 28S have a phylogenetically conserved function. Since the rRNAs (Peculis and Steitz, 1993 ).
2Ј-O-methylated nucleotides are confined to the evolu-
In vertebrates, all fibrillarin-associated snoRNAs contionarily conserved core structure of rRNA, it is conceivtain two short conserved sequence motifs, called boxes able that the hydrophobic property of methyl groups C and D, also found in many yeast fibrillarin-associated might contribute to recognition or folding events crucial snoRNAs (Maxwell and Fournier, 1995 Figure 3A) . Briefly, the antisense snoRNAs contain one or occasionally two (U14, U24, U45, before the methylation sites and frequently "stuttering" opposite the sugar-methylated nucleotides (Maden et al., 1995) . When 25S rRNA from the Ura Ϫ strain was analyzed by primer extension at low dNTP concentrations, strong stops were observed before and opposite to C1436, A1448, and G1449 ( Figure 5B, lanes 6-8) . In contrast, with 25S rRNA of Ura ϩ origin, no blockage of transcription was detected under the same conditions (lanes 9-11). Methylation of 25S rRNA in the Ura ϩ strain was not affected at other positions tested, such as A2218, A2255, A2279, A2280 ( Figure 5C ) and A648, C649, C662 (a newly mapped methylation), G804, A806, A906, C2196 (data not shown), demonstrating that the observed blockage of rRNA methylation was confined to regions of the 25S rRNA that had the potential to base-pair with antisense elements of U24 snoRNA.
Expression of U24 snoRNA Restores Methylation of 25S RNA
The experiments presented thus far demonstrate that the yeast U24/EST locus is required for methylation of the 25S rRNA at C1436, A1448, and, unexpectedly, at G1449 (see Discussion). Although these observations are consistent with a model in which direct base-pairing exists between U24 snoRNA and the complementary sequences of 25S rRNA, they do not rule out the possibility that defective rRNA methylation in the Ura ϩ strain is due to the loss of a functional U24 host gene rather than the lack of U24 snoRNA. To eliminate this possibility, we attempted to restore the methylation of 25S rRNA by expressing U24 snoRNA in the Ura ϩ strain. The coding region of U24 was inserted into the intron region of the yeast actin gene, which was flanked by the promoter sion of U24 snoRNA restored correct sugar methylation of the 25S rRNA at nucleotides C1436, A1448, and G1449. On the contrary, expression of the host gene nucleotides were not methylated ( Figure 5A , lane 7; see mRNA in the Ura ϩ /cEST strain had no effect on 25S also Figure 6D, lane 6) . rRNA methylation (lane 7). These results demonstrate In primer extension reactions performed at low dNTP that the U24 snoRNA, rather than the protein product concentrations, the 2Ј-O-methylated nucleotides in the of its host gene, plays a fundamental role in the sitetemplate RNA interfere with the normal passage of reverse transcriptase and resulted in stops one nucleotide specific ribose methylation of yeast 25S rRNA. 
Position of the D Box in the U24-25S Interaction
Comparison of growth characteristics of the Ura Ϫ and Ura ϩ strains revealed that lack of 2Ј-O-methyl groups Determines the Nucleotide to Be Methylated The conserved location of methylated nucleotides relaat C1436, A1448, and G1449 in the 25S rRNA had no significant effect on the viability of yeast cells (see tive to the D or DЈ boxes of antisense snoRNAs strongly suggests that the position of D and DЈ elements in the above). However, to our surprise, the doubling time of the Ura ϩ /ACTU24m cells, as compared with the Ura ϩ / snoRNA-rRNA interaction plays an important role in the selection of the target nucleotide for the methyltransfer ACT and Ura ϩ /ACTU24 strains, was significantly increased, by more than 30%. Since the accumulation reaction (see Figures 2 and 3) . To test this assumption, we deleted a C residue at position 80 from the downof precursor and mature rRNAs showed no significant alteration in any of these cell lines (data not shown), we stream antisense element of yeast U24 snoRNA ( Figure  6A ). The resulting U24m snoRNA was still capable of concluded that the inaccurate ribose modification of the 25S rRNA was responsible for the impaired growth of forming base pairs with the same region of the 25S rRNA. However, in the new U24m-25S rRNA interacUra For example, a direct interaction between a conserved seems unlikely that the nonconsensus sequence of the region of yeast U14 snoRNA, called domain A, and the DЈ box (CAGA) of U24 would be responsible for the 18S rRNA is essential for the production of functional selection of G1449, since DЈ boxes with identical se-18S rRNA (Liang and Fournier, 1995) . Since the 18S quences are present in U43 and U49 snoRNAs as well rRNA sequence selected by the A domain of U14 (Figures 1B and 2A) . Of course, we cannot exclude the snoRNA lacks modified nucleotides, the A domain may possibility that another so far unidentified snoRNA workfunction as an essential modulator of rRNA folding (Liing in concert with U24 is responsible for the ribose ang and Fournier, 1995). Interestingly, human U13 methylation of G1449. It is also conceivable that the snoRNA has the potential to interact with the two conmethylation of A1448 directed by U24 snoRNA is resecutive regions of the 3Ј terminal domain of 18S rRNA quired for the recognition of G1449 by a site-specific that contain no ribose-methylated nucleotides (Bachelmethyltransferase. Interestingly, the equivalent region lerie et al., 1995a). However, the functional importance of of mammalian 28S rRNAs, which carries three rather these putative interactions, if any, remains to be tested. than two consecutive methylated nucleotides (AmGm Considering that vertebrate rRNAs carry more than Cm), has been successfully methylated in vitro at all 100 2Ј-O-methyl groups (Maden, 1988 , Maden, 1990 EST mRNAs were probed with the kinased EST-specific oligo P10. polymerase (Stratagene), using oligo P1 and oligo P2 as primers.
To obtain a U24-specific probe, the coding region of U24 RNA from The latter represents the oligodeoxynucleotide form of oligo R. The pFL45/ACTU24 was subcloned into the XhoI site of pBluescribe. The amplified DNA was cloned using the PCR-introduced BamHI sites resulting recombinant plasmid was used as a template to generate into pBluescribe (Stratagene), and individual clones were subjected internally labeled antisense U24 RNA by T7 RNA polymerase (Goodto sequence analyses. More than 70% of the recombinant plasmids all et al., 1990). carried snoRNA-specific sequences and as expected, the rest of the clones contained cDNAs of 5.8S rRNA (less than 20%) and trp1.⌬, his3.⌬, ura 3.52, lys2.801, ade2.101) .
presence of 360 U/ml AMV reverse transcriptase and, unless stated otherwise, 1 mM dNTPs at 43ЊC for 30 min. The extension products
